ABBREVIATIONS: iNOS, indusible nitric oxide synthase; NF-κB/Rel, nuclear factor κB/Rel; LPS, lipopolysaccharide.
INTRODUCTION
Magnolia officinalis (Magnoliaceae) has long been used for the treatment of fever, headache, anxiety, diarrhea, asthma, and stroke, and possesses potent anti-inflammatory effects [1] . It has been reported that magnolol, a compound purified from Magnolia officinalis, relaxes rat vascular smooth muscle [2] , scavenges hydroxyl radicals [3] , inhibits neutrophil aggregation and superoxide anion generation [4, 5] , suppresses the expression of vascular cell adhesion molecule-1 in endothelial cells [6] , inhibits nitric oxide (NO) production in lipopolysaccharide (LPS)-activated macrophages [7] . Recently, it has been reported that the anti-inflammatory effects of magnolol are mediated through inhibition of the downstream pathway of MEKK-1 in NF-κB activation signaling [8] . Bacterial LPS is a potent the immune system activator which induces local inflammation, antibody production, and, in severe infections, septic shock [9] . Macrophages play a central role in a host's defense against bacterial infection and are major cellular targets for LPS action. Stimulation of murine macrophages by LPS results in the expression of an iNOS, which catalyzes the production of large amounts of NO from L-arginine and molecular oxygen [10] . NO, in turn, participates in the inflammatory response of macrophages [11] . The promoter of the murine gene encoding iNOS contains two κB binding sites, located at 55 and 971 bp upstream of the TATA box, respectively [12] . It has been reported that protein binding to the κB site is necessary to confer inducibility by LPS [13] .
The factor p38 kinase is an important mediator of stress-induced gene expression [14] . In particular, the p38 kinase is known to play a key role in LPS-induced signal transduction pathways leading to cytokine synthesis [15] . It was deomonstrated that p38 kinase activation is involved in iNOS expression in tumor necrosis factor-α (TNF-α) and interleukin-1 (IL-1)-stimulated mouse astrocytes, as well as in LPS-stimulated mouse macrophages [16, 17] .
In the present study, we attempted to determine the effects of magnolol on the expression of iNOS, an important indicator of inflammation. To further investigate the mechanism by which magnolol inhibits the expression of iNOS gene, we studied the possibility that magnolol targets p38 for its anti-inflammatory effects. The present study demonstrates the potential of magnolol in inhibiting iNOS gene expression through the suppression of NF-κB and p38 kinase pathways.
METHODS

M aterials
Magnolol and LPS from Salmonella thyposa was purchased from Sigma (St. Louis, MO). Reagents used for cell culture were purchased from Gibco BRL (Grand Island, NY). Anti-iNOS was purchased from Ustate Biotechnology (Lake Placid, NY). CNBr-Sepharose 4B was purchased from Amersham Pharmacia Biotech (Piscataway, NJ).
Cell culture
RAW 264.7 cells (murine macrophage line) were purchased from American Type Culture Collection (Bethesda, MD). Cells were grown in RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100μg/ml streptomycin. Cells were then cultured in the presence of 5% CO2 at 37 o C.
Western immunoblot analysis
Whole cell lysates were separated by 10% SDS-PAGE, then electro-transferred to nitrocellulose membranes (Amersham International, Buckinghamshire, UK). The membranes were preincubated for 1 hr at room temperature in Tris-buffered saline (TBS), pH 7.6 containing 0.05% Tween-20 and 3% bovine serum albumin. The nitrocellulose membranes were incubated with iNOS, phosphorylated p38 or p38-specific antibodies. Immunoreactive bands were then detected by incubation with conjugates of anti-rabbit IgG with horseradish peroxidase and enhanced chmiluminescence reagents (Amersham).
Electrophoretic mobility shift assay (EM SA)
Electrophoretic mobility shift assay (EMSA) was performed as described in previous literature [18] . Nuclear extracts were prepared as previously described [19] . Treated and untreated RAW 264.7 cell line was lysed with hypotonic buffer (10 mM HEPES, 1.5 mM MgCl2, pH 7.5) and nuclei were pelleted by centrifugation at 3,000 × g for 5 min. Nuclear lysis was performed using a hypertonic buffer (30 mM HEPES, 1.5 mM MgCl2, 450 mM KCl, 0.3 mM EDTA, 10% glycerol, 1 mM DTT, 1 mM PMSF, 1μg/ml of aprotinin, and 1μg/ml of leupeptin). Following lysis, the samples were centrifuged at 14,500×g for 15 min, and supernatant was retained for use in the DNA binding assay. The double-stranded oligonucleotides were end-labeled with [γ-32 P]-ATP. Nuclear extracts (5μg) were incubated with poly (dI-dC) and the [ 32 P]-labeled DNA probe in binding buffer (100 mM KCl, 30 mM HEPES, 1.5 mM MgCl2, 0.3 mM EDTA, 10% glycerol, 1 mM DTT, 1 mM PMSF, 1μg/ml of aprotinin, and 1μg/ml of leupeptin) for 10 min. DNA binding activity was separated from free probe using a 4% polyacrylamide gel in 0.5× TBE buffer. Following electrophoresis, the gel was dried and subjected to autoradiography.
Transient transfection of RAW 264.7 cells
Vector constructions were performed as previously described [20] . RAW 264.7 cells were transfected using the DEAE-dextran method, diluted to 5×10 5 cells per 1 ml of complete media, plated on 24 well plates, and then incubated in the presence of 5% CO2 at 37 o C for 24 hr. The transfectants were treated with LPS and magnolol. Eighteen hours later the cells were lysed with lysis buffer. The lysates were centrifuged (12,000×g for 10 min at 4ºC), and the supernatant was assayed for the expression of CAT enzyme using CAT ELISA kit (Roche Molecular Biochemicals, Mannheim, Germany) according to the manufacturer's instructions.
Receptor selection
To propose binding positions for p38 kinase inhibitor (Magnolol), p38 co-crystal structures was determined in the PDB that resulted in 127 co-crystal structures. To select best receptor for docking study, we considered the similarity of ligands. Since Magnolol has a biphenyl moiety, we collected the p38 kinase co-crystal structures with ligands which have biphenyl moiety. They are 6 structures (3GC7, 1OVE, 3GC8, 3GC9, 1M7Q, 2ZB0). The six ligand structures and their corresponding PDB codes are listed in Table 1 . Out of these six x-ray crystal structures, 3GC7 was selected based on the resolution of the x-ray structure (1.80Å).
M olecular docking and pose generation
A docking study was performed using SYBYL8.1 (Tripos Inc., St Louis, MO 63144 USA) molecular modeling package. Protein structure was prepared by using biopolymer module of SYBYL 8.1. Hydrogen atoms were added to the structure, atom types and charges were assigned using AMBER7 FF99 force field and side chain amides were modified. Magnolol was sketched using SYBYL 8.1 sketch program and minimized by using Tripos force field and Powell method with termination gradient set to 0.05 kcal/mol. The molecule was fully minimized with GasteigerHückel charges. Docking study was performed using Surflex-Dock module of SYBYL 8.1, which uses empirical scoring function using protomol [21] .
In vitro pull-down assay
Cell lysates overexpressed p38 were incubated with magnolol-Sepharose 4B (or Sepharose 4B only as a control) beads (50μl, 50% slurry) in reaction buffer [50 mM Tris (pH 7.5), 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% NP40, 2μg/ml bovine serum albumin, 0.02 mM phenylmethylsulfonyl fluoride (PMSF), 1μg/ml of aprotinin, and 1μg/ml of leupeptin]. After incubation and with gentle rocking overnight at 4 o C, the beads were washed five times with buffer [50 mM Tris (pH 7.5), 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% NP40, 0.02 mM PMSF], and proteins bound to the beads were analyzed by Western blotting.
Statistical analysis
The mean±SD was determined for each treatment group in a given experiment. For significant differences observed among treatment groups, they were compared to the vehicle using a Dunnett's two-tailed t test [22] . 
RESULTS
Effect of magnolol on macrophage activation
To investigate the effects of magnolol on iNOS production, the expression of iNOS by immunohisto-chemical staining of iNOS was measured. RAW 264.7 cells (5×10 5 cells/ml) were incubated with magnolol (50μM) in the presence of LPS (200 ng/ml) for 24 hr on cover slide in 12 well plates. Cells were subjected to immunohistochemical staining using an antibody specific for murine iNOS. Immunohisto-chemical staining of iNOS showed that magnolol inhibited iNOS production (Fig. 1A) . No effect on cell viability was observed in any of the treatment groups and it always exceeded 90%, as determined by trypan blue staining (data not shown). After the RAW 264.7 cells were exposed to magnolol in the presence of LPS, the expression level of iNOS gene was monitored by Western immunoblot analysis. As shown in Fig. 1B , iNOS protein production was inhibited by magnolol treatment. Control β-actin was constitutively expressed and was not affected by the treatment of magnolol. These results indicate that magnolol decreases the gene expression of iNOS, which is involved in inflammation [11] . Since it has been reported that protein binding at the κB binding site is necessary to confer inducibility by LPS of iNOS [13] , we assessed the effect of magnolol on NF-κB/Rel using a transient transfection assay. When RAW 264.7 cells were transiently transfected with p(NF-κB/Rel)3-CAT, the CAT gene expressions were found to be inhibited by magnolol in the presence of LPS (Fig. 1C) . CAT expression by RAW 264.7 cells significantly increased by LPS and LPS-induced CAT expression was inhibited by magnolol treatment. The transcriptional activation of the NF-κB/Rel transcription factor is preceded by the DNA binding of NF-κB/Rel. We further assessed the effect of magnolol on the NF-κB/Rel whose binding motif is in the promoter of iNOS gene using EMSA. LPS treatment of RAW 264.7 cells induced a marked increase in NF-κB/Rel binding to its cognate site. And the induction of NF-κB/Rel binding was inhibited by magnolol (Fig. 1D) . Oct had moderate basal binding activity and was not influenced by either LPS or magnolol treatment. The specificity of the retarded bands was confirmed by the addition of an excess of 32 P-unlabeled double-stranded κB, or oct that competed for protein binding (data not shown). These results indicate that magnolol decreases the DNA binding and transcriptional activation of NF-κB/Rel, which is important in the regulation of iNOS gene expression. Cell lysates were then prepared, used for pull-down assay using magnolol-Sepharose 4B beads and subjected to Western blot analysis.
Direct binding of magnolol with p38 kinase and molecular docking
Since p38 is important in the regulation of iNOS gene expression, we investigated the possibility of magnolol in targeting p38 for its anti-inflammatory effects. To propose binding poses of magnolol for p38 kinase inhibitor, we searched p38 co-crystal structures in the PDB. There were 127 co-crystal structures. In an effort to select the best receptor for docking study, we considered the similarity of ligands. Since magnolol has a biphenyl moiety, we collected the p38 kinase co-crystal structures with ligands which have biphenyl moiety. They are 6 structures (3GC7, 1OVE, 3GC8, 3GC9, 1M7Q, 2ZB0). In Table 1 , the six ligand structures and their corresponding PDB codes are listed. Out of these six x-ray crystal structures, the structure 3GC7 was selected based on the resolution of the x-ray structure (1.80Å). A docking study was performed using SYBYL8.1 (REF1) molecular modeling package. Protein structure was prepared by using biopolymer module of SYBYL 8.1. Hydrogen atoms were added to structure, atom types and charges were assigned using AMBER7 FF99 force field and side chain amides were modified. Magnolol was sketched by using SYBYL 8.1 sketch program and minimized by using Tripos force field and Powell method with termination gradient set to 0.05 kcal/mol. The molecule was fully minimized with Gasteiger-Hückel charges. Docking study was performed by using Surflex-Dock module of SYBYL 8.1, which uses empirical scoring function using protomol [21] .
Since majority of the available inhibitors interact in the hinge region, the binding pose for magnolol were selected on the basis of docking score and binding site (hinge contact). It's interesting to note that the hinge residues (M109 Fig. 3 . Effects of SB203580 and PD98059 on NF-κB/Rel activation in LPS-stimulated RAW 264.7 cells. (A) RAW 264.7 cells were transfected with p(NF-κB/Rel)3-CAT by DEAE dextran method. Twenty-four hours after transfection, cells were treated with SB203580 (30μM), PD98059 (50μM), or magnolol (50μM) in the presence of LPS (200 ng/ml) for 18 hr. Cell extracts were then prepared and analyzed for the expression of CAT using CAT ELISA kit. (B) RAW 264.7 cells were pretreated with SB203580 (30μM), PD98059 (50μM), or magnolol (50μM) for 30 min before incubation with LPS (200 ng/ml) for 2 hr. Nuclear extracts were then isolated and analyzed for the activity of NF-κB/Rel and Oct. and G110) are conserved throughout the p38 group of kinase. Fig. 2A shows the natural product magnolol has been docked with p38 kinase structure (PDB code: 3GC7). The ligand is represented in space fill model and the macromolecule is in ribbon and tube. Fig. 2B shows the proposed binding pose of magnolol's interaction with the backbone of hinge residues M109 and G110. The chemical structure of magnolol is shown in Fig. 2C .
To confirm this prediction, we performed an in vitro pull-down assay using magnolol-conjugated to Sephasore 4B beads. When we transiently transfected Flag-p38 expression vectror into 293 cells, we found p38 binds with magnolol-conjugated Sepharose beads, but not with Sepharose beads alone (Fig. 2D) . These data clearly confirmed the direct interaction of magnolol and p38 and support our hypothesis that p38 kinase is a possible target for magnolol.
Inhibition of NF-κB/Rel by p38 kinase inhibitor, SB203580, in LPS-stumulated macrophages
Since p38 kinase was chosen is a possible target for magnolol, further investigation was taken forward to determine if p38 kinase pathway is involved in LPS-induced NF-κ B/Rel activation. The p38 kinase pathway was specifically blocked and NF-κB/Rel activation was monitored when RAW 264.7 cells were challenged with LPS. SB203580, a bicyclic imidazole compound, is a specific inhibitor of p38 [23] . PD98059 is a specific inhibitor of MEK-1, mitogen activated protein kinase/extracellular signal-regulated kinase 1, which is responsible for ERK1/2 activation [24] . SB203580 inhibited LPS-induced activation of NF-κB/Rel, while PD98059 did not inhibit (Fig. 3A) . The LPS-induced NF-κB/Rel DNA binding activity was also specifically inhibited by SB203580 but not by PD98059 (Fig. 3B) . These results suggest that p38 kinase pathway is important in the regulation of NF-κB/Rel activation by LPS.
DISCUSSION
We demonstrate that magnolol treatment significantly attenuates LPS-induced iNOS production through the blocking of NF-κB/Rel activation in the macrophage line RAW 264.7. A molecular modeling study was performed to propose the binding poses for magnolol targeting the ATP binding stite of p38 kinase (3GC7). Magnolol was found to occupy the ATP binding pocket of p38 while interacting with the hinge residues (GLY110, Met 109) which are conserved throughout the p38 kinase family. We also showed that magnolol binds to the p38 kinase. The p38 kinase is an important mediator of stress-induced gene expression [21] . In particular, the p38 kinase is known to play a key role in LPS-induced signal transduction pathways leading to cytokine synthesis [15] . It was demonstrated that p38 MAPK activation is involved in iNOS expression in TNF-α and IL-1-stimulated mouse astrocytes, as well as in LPSstimulated mouse macrophages [16, 17] . A previous study [25] conducted by us also showed that the p38 MAPK pathway is specifically involved in LPS-induced iNOS expression because iNOS mRNA production in the presence of a specific inhibitor of p38 MAPK, SB203580, was dramatically diminished. In contrast, PD98059, a specific inhibitor of MEK1 had no effect on iNOS expression. Thus, magnolol, like SB203580, inhibits the iNOS gene expression by blocking the p38 kinase pathway. The p38 MAPK also regulates LPS-induced TNF-α, IL-1, and IL-10 production in monocytes and TNF-induced IL-6 production in fibroblasts [26] [27] [28] . These findings are consistent with the idea that p38 MAPK can be predominantly activated by LPS and inflammatory cytokines such as TNF and IL-1, and can play an important role in the expression of a number of proinflammatory molecules [15] .
The present study showed that NF-κB/Rel is positively regulated by LPS for iNOS gene expression, and magnolol treatment of RAW 264.7 cell had significantly inhibited LPS-induced NF-κB/Rel activity. The NF-κB/Rel is a pleiotropic regulator of many genes involved in immune and inflammatory responses, including iNOS [13] . NF-κB/Rel exists in the cytoplasm of unstimulated cells in a quiescent form bound to its inhibitor, IκB. Macrophage activation by certain external stimuli results in the phosphorylation of IκB, thus releasing the active DNA-binding form of NF-κB/ Rel to translocate to the nucleus to bind κB motifs in the regulatory region of a variety of genes. Reporter gene assay showed strong induction by LPS of NF-κB/Rel transcriptional activation. Magnolol inhibited the induction of NF-κB/ Rel (Fig. 1C) . The inhibition of DNA binding of NF-κB/Rel by magnolol was further confirmed by eltrophoretic mobility shift assay.
In summary, these experiments demonstrate that magnolol, a hydroxylated biphenyl compound isolated from Magnolia officinalis, inhibits the LPS-induced expression of iNOS gene in RAW 264.7 cells. Based on the findings of this study, the most likely mechanism that can account for this biological effect involves the inhibition of NF-κ/Rel through negative regulation of p38 kinase pathway. At least two significant findings are brought out by these studies. Firstly, these experiments further cement the criticality of the role played by p38 kinase pathway and NF-κ/ Rel in the regulation of iNOS. Secondly, due to the critical role that NO release plays in mediating inflammatory responses, the inhibitory effects of magnolol on iNOS suggest that magnolol may represent a useful anti-inflammatory agent.
